Single-crystal Ni͑dmit͒ 2 salts, ͑Ph 4 P͓͒Ni͑dmit͒ 2 ͔ 3 , ͑Bu 4 N͒ 2 ͓Ni͑dmit͒ 2 ͔ 7 •2CH 3 CN, and ͑Me 3 S͓͒Ni͑dmit͒ 2 ͔ 2 , have been synthesized. All show semiconducting behavior in their temperature-dependent dc conductivities. Room-temperature polarized reflectance measurements have been made over the range between 100 and 32 000 cm Ϫ1 ͑12 meV-4 eV͒. For light polarized along the Ni͑dmit͒ 2 stacking axis, all spectra show an energy gap, with superimposed vibrational fine structure at low frequencies and charge-transfer bands at high frequencies. Band gaps determined from the optical conductivities are consistent with thermal activation energies from dc transport measurements. The stacking-axis conductivity shows the effect of electron-molecular vibration interaction; analysis for ͑Me 3 S͓͒Ni͑dmit͒ 2 ͔ 2 yields a dimensionless electron-phonon coupling constant ϳ0.27. For light polarized perpendicular to the stacking axis, only weak vibrational features are observed.
I. INTRODUCTION
In 1973, an organic charge-transfer complex composed of the donor molecule TTF ͑tetrathiafulvalene͒ and the acceptor molecule TCNQ ͑7,7,8,8-tetracyano-p-quinodimethane͒ was synthesized and found to display metalliclike electronic properties. 1 Since this remarkable discovery, much research has gone into the design, synthesis, and characterization of new charge-transfer salts. Systems are known that show not only semiconducting and metallic behavior, but also superconductivity. Most organic superconductors are based either on TMTSF ͑tetramethyltetrathiafulvalene͒ 2 or BEDT-TTF ͓bis͑ethylenedithio͒tetrathiafulvalene͔. 3 In addition to these molecular conductors based on multisulfur -donor molecules, salts based on multisulfur -acceptor molecules have begun to attract increasing interest.
A unique family of complexes derived from ͓Ni͑dmit͒ 2 ͔ nϪ ͑where dmitϭ1,3-dithiole-2-thione-4,5-dithiolato͒ with 0рnр2 has recently received attention. 4 The electronic properties of the Ni͑dmit͒ 2 acceptor complexes are attributed to the nonbonding interactions of the acceptor entities. By using planar ligands and square-planar coordinating transition metals, close packing arrangements are formed in the crystal. With ten sulfur atoms along the periphery of the planar ligands, S•••S overlap can be large. These structural effects promote strong intermolecular interactions and suppress the Peierls distortion, leading to high electrical conductivity. Three superconducting Ni͑dmit͒ 2 complexes have been reported. The first, TTF͓Ni͑dmit͒ 2 ͔, shows high electrical conductivity at ambient pressure 300 ⍀ Ϫ1 cm Ϫ1 at 300 K to ϳ10 5 ⍀ Ϫ1 cm Ϫ1 at 4.2 K. Furthermore, under 7 kbar pressure, this compound superconducts with a T c ϭ1.62 K. 5 The second salt, ͑Me 4 N͓͒Ni͑dmit͒ 2 ͔ 2 , is metallic ϳ50 ⍀ Ϫ1 cm
Ϫ1
at room temperature and becomes superconducting at 5 K under 7 kbar. 6 Finally, the ambient pressure superconductor complex ␣-EDT-TTF͓Ni͑dmit͒ 2 ͔ displays metalliclike electrical conductivity down to 1.3 K where it becomes superconducting. 7 In order to provide further information on the nature of Ni͑dmit͒ 2 complexes, we have used electrocrystallization techniques to synthesize three Ni͑dmit͒ 2 -based donor-acceptor compounds with closed-shell cations, ͑Ph 4 P͓͒Ni͑dmit͒ 2 ͔ 3 , 8,9 ͑Bu 4 N͒ 2 ͓Ni͑dmit͒ 2 ͔ 7 •2CH 3 CN, 10 and ͑Me 3 S͓͒Ni͑dmit͒ 2 ͔ 2 , 8, 11 and measured their transport and optical properties. To our knowledge, despite the large number of interesting Ni͑dmit͒ 2 salts, relatively few optical studies have been made. 9, [12] [13] [14] [15] [16] [17] In this paper we describe the comprehensive transport and optical properties of these three organic materials. Spectroscopic methods are well suited to the study of such highly anisotropic crystals, providing information on both the electronic charge transfer and localized excitations at high energies as well as the vibrational features at low energies. 18 Eight infrared-active vibrational modes in the Ni͑dmit͒ 2 stacking direction are of particular interest. Infrared activity of these modes can be attributed to the coupling of the totally symmetric (A g ) Ni͑dmit͒ 2 vibrational modes with low-lying electronic charge-transfer excitations; 19 it is very sensitive to changes in the electronic structure of the crystal. Emphasis has been placed on the correlation of the spectral properties with available structural and transport data. In addition, we compare our data on ͑Ph 4 P͓͒Ni͑dmit͒ 2 ͔ 3 to earlier results by Nakamura et al.
͑Ph 4 P͓͒Ni͑dmit͒ 2 ͔ 3 was synthesized via constant current electrocrystallization in CH 3 CN with 0.075M Ph 4 PBr electrolyte. A current density of 1.5 A/cm 2 was used over a period of 15 d. 8 The complex ͑Bu 4 N͒ 2 ͓Ni͑dmit͒ 2 ͔ 7 •2CH 3 CN was electrocrystallized in CH 3 CN with 0.1M Bu 4 NClO 4 electrolyte using a method similar to that of Valade et al. 10 A current density of 1.3 A/cm 2 was used over a period of 24 d. Platelet and needlelike crystals were obtained upon harvesting. Platelets were chosen for study. The stoichiometry was confirmed by elemental analysis.
21
The complex ͑Me 3 S͓͒Ni͑dmit͒ 2 ͔ 2 was electrocrystallized in 1:1 acetone-CH 3 CN with 0.1M Me 3 SBF 4 electrolyte using a method similar to that of Kato et al. 11 We used a current density of 0.5 A/cm 2 over a period of 26 d.
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B. Materials characterization
Structure
All structures were solved by direct methods in SHELXTL plus 22 from which the locations of the non-H atoms were obtained. The structures were refined in SHELXTL plus using full-matrix least squares. The non-H atoms were treated anisotropically. Crystal data are collected in Table I .
The crystal packing array of the Ni͑dmit͒ 2 units in ͑Ph 4 P͓͒Ni͑dmit͒ 2 ͔ 3 is unique among the Ni͑dmit͒ 2 complexes. It is shown in Figs. 1 and 2 . The structure can be described as segregated, slightly staggered stacks of the planar Ni͑dmit͒ 2 acceptor molecules along ͓010͔, separated ''side by side'' by planes of orthogonal spacers of the Ni͑dmit͒ 2 acceptor. The acceptor stacks and spacers are separated ''end to end'' by closed-shell Ph 4 P ϩ donors also in the ͓010͔ direction.
There is an extensive amount of nonbonding orbital interactions exhibited throughout the structure. 9 except that we have chosen the c axis as half of theirs due to difficulties with data collection, and subsequent data resolution, on a unit cell where one axis is more than 45 Å in length. The structure was solved and refined in the C2 space group and showed no signs of disorder. The final refinement yielded R and wR values of 4.55 and 4.61, respectively for I and 3.29 and 3.96 for II.
Several groups have reported different stoichiometries for ͑Bu 4 N͒ 2 ͓Ni͑dmit͒ 2 ͔ 7 •CH 3 CN. 4 According to Valade et al., 10 this complex has the stoichiometry ͑Bu 4 N͒ 2 ͓Ni͑dmit͒ 2 ͔ 7 •2CH 3 CN based on x-ray and elemental analysis. The structure can be described as consisting of thick layers of Ni͑dmit͒ 2 entities oriented parallel to ͑001͒ and separated by sheets of Bu 4 N ϩ cations and CH 3 CN molecules. Within a layer the Ni͑dmit͒ 2 species are arranged in stacks along the ͓110͔ direction. A stack consists of quasiparallel quasiplanar Ni͑dmit͒ 2 units arranged in alternating centrosymmetric triads and tetrads. The axes of the triads and tetrads are parallel but make an angle of about 21°with the overall stacking direction ͓110͔. Given the interactions along the stacks on the one hand and the interstack S•••S interactions on the other, it is clear that the structure arrangement of ͑Bu 4 N͒ 2 ͓Ni͑dmit͒ 2 ͔ 7 •2CH 3 CN cannot be viewed as a classical one-dimensional system but is much more nearly two dimensional. ͒ were measured. Narrow gauge ͑0.02-mm diameter͒ gold wires were affixed to the crystal under a microscope using fast drying gold paint. The sample was thermally anchored to the cold head of a closed-cycle refrigerator ͑CTI Cryogenics͒. A typical run was done by first cooling the sample to the lowest temperature, and then taking the data while warming. Temperature reproducibility has been determined to be Ϯ0.2 K or better over the temperature range measured.
Optical spectroscopy
Near-normal polarized reflectance measurements were made on single-crystal samples. Far-infrared and midinfrared measurements were carried out on an Bruker 113v Fouriertransform infrared spectrometer using a 4.2-K bolometer detector ͑30-600 cm
Ϫ1
͒ and a B-doped Si photoconductor ͑450-4000 cm Ϫ1 ͒. Wire grid polarizers on polyethylene and AgBr were used in the far and midinfrared, respectively. A Perkin-Elmer 16U grating spectrometer in conjunction with thermocouple, PbS, and Si detectors was used to measure the spectra in the infrared to the ultraviolet ͑1000-32 000 cm Ϫ1 ͒, using wire grid and dichroic polarizers.
Experiments were performed with light polarized parallel and perpendicular to the Ni͑dmit͒ 2 stacking axis. The reflectance was calibrated with a reference aluminum mirror. In order to correct for size differences between sample and reference and to compensate for scattering losses, all samples were coated with a thin aluminum layer after the optical measurements were finished. The final corrected reflectance was obtained by rationing the initial reflectance ͑no coating͒ to the reflectance of the coated sample, then multiplying the ratio by the aluminum reflectance. After the reflectance spectra were measured, the optical properties were determined by Kramers-Kronig analysis. 23 Because an extremely large frequency region was covered, Kramers-Kronig analysis should provide reasonably accurate values for the optical constants. To perform these transformations one needs to extrapolate the reflectance at both low and high frequencies. At very low frequencies the reflectance was assumed constant. Between the highest-frequency data point and 10 6 cm
, the reflectance was assumed to follow a power law of
, beyond this frequency range a free-electron-like behavior of Ϫ4 was used. 
III. RESULTS
A. Transport properties
Temperature-dependent four-probe electrical conductivity measurements are shown in Fig. 4 . Semiconducting behavior is found for all of the compounds investigated. The conductivity decreases from its 300-K value when temperature is decreased. The typical temperature dependence of the conductivity may be expressed as
where E g is the semiconductor gap. The values of roomtemperature conductivity and the thermal activation energy E a ϭE g /2 are listed in Table II . 4,9,10,24 -26 The results for our materials are compared to those observed previously for ͓Ni͑dmit͒ 2 ͔ salts with different closed-shell organic cations. For ͑Ph 4 P͓͒Ni͑dmit͒ 2 ͔ 3 our room-temperature conductivity agrees with that published by Nakamura et al. 9 However, the thermal activation energy measured in this work is smaller than found by Nakamura et al. 9 In contrast, our conductivity parameters for ͑Bu 4 N͒ 2 ͓Ni͑dmit͒ 2 ͔ 7 •2CH 3 CN coincide with the prior Valade et al. 10 data. Interestingly, both ͑Ph 4 P͓͒Ni͑dmit͒ 2 ͔ 3 and ͑Bu 4 N͒ 2 ͓Ni͑dmit͒ 2 ͔ 7 •2CH 3 CN have high conductivities and low activation energies. This suggests the presence of fractional oxidation states. An additional result is that there is a change in the apparent activation energy around 100 K in ͑Ph 4 P͓͒Ni͑dmit͒ 2 ͔ 3 . The plot of ln versus 1/T does not obey a single linear relationship; instead two different slopes were obtained above and below a crossover point of 100 K. E a is smaller at low temperature, probably due to impurity effects. Another formula for the conductivity comes from the model proposed by Epstein and Conwell, 27 ,28
where (T)Ӎ 0 T Ϫ␣ and nϰe ϪE g /2k B T . The conductivity is a product of a strongly temperature-dependent mobility and an activated carrier concentration. A fit of this model to our experimental results did not give a single activation energy for ͑Ph 4 P͓͒Ni͑dmit͒ 2 ͔ 3 . Figure 5 shows the polarized room-temperature reflectance from the ͑001͒ face of ͑Ph 4 Ni͑dmit͒ 2 stacking axis. For the electric field polarized parallel to the stacking direction, a common feature of the three compounds is a value of 40% to 60% in the far to midinfrared with a drop to values of a few percent around 3000 to 4500 cm
B. Optical results
Polarized reflectance
Ϫ1
. Superimposed on this reflectance is a series of narrow peaks of varying amplitudes at frequencies typical of molecular vibrations. For higher frequencies, the spectra are almost dispersionless, showing only several weak electronic features. In the case of ͑Ph 4 P͓͒Ni͑dmit͒ 2 ͔ 3 , such data have been reported over the limited frequency range of 600-25 000 cm Ϫ1 by Nakamura et al. 9 The reflectance values we measured in the region below 1000 cm Ϫ1 are up to 20% higher than that of Nakamura et al. 9 However, the minimum in the reflectance around 3000 cm Ϫ1 coincides with those previous data.
The reflectance when the polarization is perpendicular to the Ni͑dmit͒ 2 stacking axis is also shown in Fig. 5 . There is a marked contrast for polarization of the light parallel and perpendicular to the Ni͑dmit͒ 2 stacking axis. The reflectivity is low ͑ϳ15%͒, flat, and almost featureless for ͑Bu 4 N͒ 2 ͓Ni͑dmit͒ 2 ͔ 7 •2CH 3 CN and ͑Me 3 S͓͒Ni͑dmit͒ 2 ͔ 2 . In contrast, the ͑Ph 4 P͓͒Ni͑dmit͒ 2 ͔ 3 perpendicular spectra are similar in shape to that with parallel polarization up to 1000 cm Ϫ1 , but differs in the deep minimum of the reflectance and in the higher-frequency region.
Optical conductivity
The Kramers-Kronig transformation of the stacking-axis reflectance data of Fig. 5 yields the real part of the conductivity 1 ͑͒ shown in Fig. 6 . The spectra display a broad low-energy band, which contains the largest part of the lowenergy oscillator strength and several weak electronic structures at higher frequencies. In all cases they show a conductivity maximum at finite frequency in contrast to the simple Drude behavior of an ordinary metal, which is maximum at ϭ0 and then decreases monotonically with increasing frequency. The conductivity maximum shifts to higher frequencies as the dc conductivity decreases. This behavior is in itself suggestive of an optical gap and possibly a transport gap of increasing magnitude. Previous work on ͑Ph 4 P͓͒Ni͑dmit͒ 2 ͔ 3 by Nakamura et al. 9 found the value of the conductivity at the maximum to be ϳ140 ⍀ Ϫ1 cm Ϫ1 , about three times smaller than our value of ϳ520 ⍀ Ϫ1 cm
Ϫ1
. This difference is consistent with the fact that the reflectance level we observed in the infrared region is higher than that of Nakamura et al. 9 At low frequency, the spectra exhibit many sharp vibrational features. Several of these modes are A g vibrations of the Ni͑dmit͒ 2 molecule, activated by coupling to the lowenergy electronic band. 19 Note that accompanying the shift to higher frequencies of the conductivity maximum, there is an increase of the amplitude of the midinfrared vibrational structures from this electron-molecular-vibration ͑EMV͒ coupling. The appearance of these features also changes depending on their frequency location relative to the conductivity maximum. When their frequencies are well below that of the broad maximum they appear as ordinary ͑Lorentzian͒ resonances whereas when their frequencies overlap the electronic continuum, they have Fano 29 line shapes: an antiresonance or dip preceded by a peak on the low-frequency side.
Extrapolating the frequency-dependent conductivity to zero frequency, we obtain an estimate of the dc conductivity on the order of ͑Me 3 ͒ at 300 K. These values are in reasonable agreement with those obtained by fourprobe dc measurements ͑Table II͒. ͑We note that the Kramers-Kronig analysis is not too sensitive to conductivities below about 0.1 ⍀ Ϫ1 cm Ϫ1 on account of limits in the accuracy of the reflectance measurements.͒ An estimate of the semiconducting energy gap is also obtained from the low-energy electronic band shown in Fig. 6 As expected, the 1 ͑͒ for polarization perpendicular to the stacking direction is rather flat. Indeed, the extremely anisotropic behavior in the electronic properties of these Ni͑dmit͒ 2 compounds have been observed for many other organic materials as well. 18 Additionally, we note that most of the vibrational lines appear as superimposed bands with no clear evidence for coupling effects. Apart from this, there is little evidence for low-energy electronic absorption perpendicular to the Ni͑dmit͒ 2 stacking axis. Only at high frequencies, above 10 000 cm
, is there electronic absorption. The real part of the stacking-axis dielectric function, ⑀ 1 ͑͒, is presented in Fig. 7 . A fit of the reflectance data to a Lorentzian model dielectric function is also given. For frequencies near the conductivity maximum, the dielectric function of the three materials displays the usual derivativelike structure. In addition, many of the infrared vibrational excitations result in a negative real dielectric function between the transverse ͑ TO ͒ and optical ͑ LO ͒ frequency of each mode. The dielectric function of ͑Ph 4 P͓͒Ni͑dmit͒ 2 ͔ 3 is negative in the far infrared ͑characteristic of free carriers͒, and has a zero crossing around 110 cm
. The transition across the energy gap is sufficiently strong to give negative values between 300 and 800 cm
. By extrapolating the low-frequency far-infrared data to zero frequency, we estimate the static dielectric constant for ͑Bu 4 N͒ 2 ͓Ni͑dmit͒ 2 ͔ 7 •2CH 3 CN and ͑Me 3 S͓͒Ni͑dmit͒ 2 ͔ 2 to be ⑀ 1 ͑0͒ϳ24 and 8, respectively. We are presently unaware of any microwave measurements of the static dielectric constant in Ni͑dmit͒ 2 salts, so comparison with our extrapolated data is not possible.
Dielectric function model
Returning now to the stacking-axis polarization, a quantitative analysis of the reflectance from near-infrared to ultraviolet regions is done by fitting the reflectance ͓or the complex dielectric function ⑀͑͒ϭ⑀ 1 ͑͒ϩi⑀ 2 ͔͑͒ using a sum of Lorentz oscillators: where p j , j , and ␥ j are the oscillator strength, center frequency, and scattering rate of the jth transition and ⑀ ϱ represents the other higher-frequency contributions to the dielectric function. The parameters obtained for our samples are listed in Table III . The results for the fit are compared to ⑀ 1 ͑͒ in Fig. 7. 
Oscillator strength sum rule
Considerable information about the electronic structure of Ni͑dmit͒ 2 salts can be extracted from the oscillator strength sum rule. 23 The effective number of electrons participating in optical transitions for energies less than ប is given by
where m* is the effective mass of the carriers, m the electronic mass, and N c the number of Ni͑dmit͒ 2 molecules per unit volume. Plots of N eff are shown in Fig. 8 . In the stacking direction, (m/m*)N eff at first rises rapidly in the low-frequency region, begins to level off in the near infrared, and then rises again above the onset of the highfrequency electronic bands. From the plateau values of the integrated oscillation strengths in the near infrared, assuming N eff of ͑Ph 4 P͓͒Ni͑dmit͒ 2 ͔ 3 , ͑Bu 4 N͒ 2 ͓Ni͑dmit͒ 2 ͔ 7 •2CH 3 CN, and ͑Me 3 S͓͒Ni͑dmit͒ 2 ͔ 2 to be 0.33, 0.29, and 0.5, we estimate m*ϭ4.17m, m*ϭ2.86m, and m*ϭ4.0m, respectively. As seen in Fig. 8 . In the polarization perpendicular to the stacking axis, (m/m*)N eff is small in the infrared but rises rapidly at higher frequencies.
IV. DISCUSSION
A. Electronic features
In principle, the electronic transitions that appear in the 1 ͑͒ spectra of these Ni͑dmit͒ 2 organic solids will fall into two classes. On the one hand, those at high frequencies generally are the result of localized-excitation bands in the molecule. On the other hand, transitions at lower frequencies that are along the stacking direction will correspond to chargetransfer excitations between the Ni͑dmit͒ 2 molecules. The frequencies and oscillator strengths of these charge-transfer bands are clearly related to the electronic structure of the compound, but their interpretation is determined by three types of interactions among the unpaired electrons occupying the highest molecular orbital in the solid. These interactions are the overlap of the electronic wave functions between sites, the Coulomb repulsion of two electrons on the same or adjacent sites, and interactions of the electron with phonons ͑both lattice vibrations and intramolecular modes of the molecule͒. Theoretical models for the electronic structure of these materials have emphasized the importance of one or the other of the above interactions, e.g., tight-binding theory, 30 Hubbard model, 31 and Peierls model. 32 The simple 1:1 ratio of donor-acceptor Ni͑dmit͒ 2 salts such as ͑Me 4 N͓͒Ni͑dmit͒ 2 ͔, ͑Et 4 N͓͒Ni͑dmit͒ 2 ͔, ͑Pr 4 N͓͒Ni͑dmit͒ 2 ͔, and ͑Bu 4 N͓͒Ni͑dmit͒ 2 ͔ have one unpaired electron on each Ni͑dmit͒ 2 molecule. Because of the large on-site Coulomb repulsion ͑Hubbard U͒, these materials display very low dc electrical conductivity at room temperature ͑Table II͒. Their electronic structure consists of either completely filled or completely empty bands. Hence, they are often referred to as ''Mott-Hubbard'' insulators. For the complex salts, the most common stoichiometric ratio is 1:2 corresponding to the quarter-filled-band case such as ͑Me 3 S͓͒Ni͑dmit͒ 2 ͔ 2 , with electrons on average occupying every other site. In this case, it is important to consider an extended Hubbard picture, 31, [33] [34] [35] which includes hopping from site to site (t), on-site Coulomb repulsion energies (U), nearest-neighbor energy ͑V 1 ͒, and the next-nearest-neighbor energies ͑V 2 ͒. Finally, the behavior of other complex salts, such as ͑Ph 4 P͓͒Ni͑dmit͒ 2 ͔ 3 ͑1:3͒ or ͑Bu 4 N͒ 2 ͓Ni͑dmit͒ 2 ͔ 7 •2CH 3 CN ͑2:7͒, is much more complicated than the 1:1 or 1:2 cases.
Let us look first at the simple 1:1 or 1:2 donor-acceptor Ni͑dmit͒ 2 salts. An early optical study of ͑Bu 4 N͓͒Ni͑dmit͒ 2 ͔, made by Papavassiliou, Cotsilios, and Jacobsen, 12 shows a low-frequency band at 8850 cm
Ϫ1
. The solution spectra of ͓Ni͑dmit͒ 2 ͔ 2Ϫ and ͓Ni͑dmit͒ 2 ͔ Ϫ , reported by Tajima et al., 13 have the lowest intramolecular optical excitation at 8700 cm
. Due to the symmetry of the molecular orbitals, this transition should be polarized along ͓Ni͑dmit͒ 2 ͔'s molecular long axis. Additional work on the polarized reflectance of OMTSF-͓Ni͑dmit͒ 2 ͔ ͑OMTSF: bistetramethylene-TSF͒ has been reported by Jacobsen et al. 16 An interpretation of the spectra is that the charge-transfer excitation is observed at 2600 cm Ϫ1 and the transitions at 10 000-12 000 cm
, at 17 000 cm
, and above may be associated with intramo- 15 In all cases, the measured spectra exhibit a Drude-like shape down to 20 K.
With the above information in mind, let us turn our attention to the frequency-dependent conductivity, 1 ͑͒, of the three Ni͑dmit͒ 2 compounds shown in Fig. 5 and the fit parameters in Table III . For the typical quarter-filled-band case, such as ͑Me 3 S͓͒Ni͑dmit͒ 2 ͔ 2 , the midinfrared spectral features in the Ni͑dmit͒ 2 stacking direction consist of two strong, broad absorptions. We interpret these bands to be electronic charge transfer between Ni͑dmit͒ 2 molecules within the stack. The electronic absorption band at ϳ2000 cm For the electric field polarized perpendicular to the stacking axis, three absorption bands at ϳ11 250, 13 000, and 18 000 cm Ϫ1 are thought to be intramolecular localized excitations or molecular excitons. Note that the energy of the lowest localized excitations is 11 250 cm Ϫ1 rather than the 8700 cm Ϫ1 observed in Ni͑dmit͒ 2 solution spectra. 13 This blueshift ͑by ϳ0.3 eV or 2500 cm Ϫ1 ͒ is the usual Davydov shift, 36, 37 which is expected due to the interaction between the transition dipole moments on adjacent molecules in the dimer. The first two localized excitations are also seen in the parallel polarization on account of the triclinic space group. The fact that in these Ni͑dmit͒ 2 salts the molecular plane is not perpendicular to the stacking axis gives rise to a strong coupling and mixing among these intramolecular excitations for two different polarizations.
Despite the significantly different stoichiometric ratios of donor acceptors, the 1 ͑͒ spectra of ͑Me 3 S͓͒Ni͑dmit͒ 2 ͔ 2 , ͑Bu 4 N͒ 2 ͓Ni͑dmit͒ 2 ͔ 7 •2CH 3 CN, and ͑Ph 4 P͓͒Ni͑dmit͒ 2 ͔ 3 are similar in character and typical of semiconducting chargetransfer salts. In the case of ͑Bu 4 N͒ 2 ͓Ni͑dmit͒ 2 ͔ 7 •2CH 3 CN, the stacking direction has a transition at ϳ1050 cm
, attributed as above to charge transfer from a Ni͑dmit͒ 2 radical anion to a neutral molecule within a Ni͑dmit͒ 2 triad or tetrad. The higher-frequency peaks, at ϳ4000 and 7300 cm
, are attributed to charge transfer between two radical Ni͑dmit͒ 2 anions. The spectrum perpendicular to the stacking axis shows transitions at ϳ10 000, 11 400, and 18 700 cm Ϫ1 which are due to the localized excitation of the isolated Ni͑dmit͒ 2 anion. Again, some of these absorption bands are also observed along the stacking axis.
Additionally, in the case of ͑Ph 4 P͓͒Ni͑dmit͒ 2 ͔ 3 , there are two low-energy electronic excitations ͑at ϳ300-450 and 1000-1700 cm
͒ for the electric field polarized along the Ni͑dmit͒ 2 stacking axis. The structure of this material is unique: two of the three Ni͑dmit͒ 2 anions form stacking columns whereas the remaining Ni͑dmit͒ 2 anion fills the spaces between the columns. The optical data can be correlated with this structural information. We attribute the 300-450 cm Ϫ1 peak to charge-transfer excitations within Ni͑dmit͒ 2 stacking columns. The higher peak, at ϳ1000-1700 cm
, is attributed to a charge transfer to an adjacent neutral molecule. Interestingly, the spectrum perpendicular to the stacking axis displays peaks at similar energies, but has considerably smaller oscillator strength. The bands occurring at ϳ5000 and 7800 cm Ϫ1 are attributed to a charge-transfer excitation between Ni͑dmit͒ 2 ions. The transitions of an electron excited to a higher orbital or localized excitation are seen to be polarized along both parallel and perpendicular to stacking axis at frequencies of ϳ11 500 and 15 000 cm Ϫ1 . Although these three Ni͑dmit͒ 2 compounds have different chemical modifications of the donor cation, an interesting correlation can be made between spectral properties and available structural information. As discussed above, ͑Ph 4 P͓͒Ni͑dmit͒ 2 ͔ 3 and ͑Bu 4 N͒ 2 ͓Ni͑dmit͒ 2 ͔ 7 •2CH 3 CN have a nearly two-dimensional structure as opposed to the rather quasi-three-dimensional network in ͑Me 3 S͓͒Ni͑dmit͒ 2 ͔ 2 . The obvious question now is why the increased dimensionality of ͑Me 3 S͓͒Ni͑dmit͒ 2 ͔ 2 results in a lower electrical conductivity, a higher activation energy for conduction, and a larger value of optical gap than the other two Ni͑dmit͒ 2 salts. In principle, the nature of the donor is primarily responsible for the different manner of stacking in these Ni͑dmit͒ 2 materials. It particularly influences the mode of overlap between Ni͑dmit͒ 2 molecules. Small cations such as Me 3 S ϩ promote close-packing arrangements, but also give room for dimerization. Larger ones encourage uniform spacing but also tend to give unusual stoichiometries or packing arrangements. There are always counterexamples; for example, there is a Ni͑dmit͒ 2 system with a small cation, ͑Me 4 N͓͒Ni͑dmit͒ 2 ͔ 2 , 6 that displays metallic electronic properties and becomes superconducting under pressure. In any event, it is clear that the situation is quite complex and that any serious attempt to understand the electronic structure of these Ni͑dmit͒ 2 salts needs a careful consideration of the role of both donor and acceptor in the electronic band structure. 38, 39 B. Vibrational features
Vibrational mode assignments
We will now turn to a discussion of the vibrational features. In general, the vibrational modes can be divided into two classes. Those involving motion within the Ni͑dmit͒ 2 anion itself are classified as intramolecular in nature, whereas the modes involving collective motion of the Ni͑dmit͒ 2 anions or the cation stacks are intermolecular or lattice modes. The intramolecular modes occur at high frequencies, and include the totally symmetric phonon modes as well as the infrared allowed modes of B 1u , B 2u , and B 3u symmetry. The intermolecular modes are usually observed at less than 300 cm
Ϫ1
. These modes can be further divided into translational and librational motions. Both types of motion generally occur at low frequencies, some below the frequency range of infrared spectroscopy.
The Ni͑dmit͒ 2 molecule possesses a D 2h structural symmetry, and has 45 optical modes. These modes may be clas-sified into Raman (8A g ϩ7B 1g ϩ4B 2g ϩ2B 3g ), silent ͑3A u ͒, and infrared active (5B 1u ϩ8B 2u ϩ8B 3u ͒. The B 3u modes are out-of-plane vibrations and are expected to be observed for polarization along the Ni͑dmit͒ 2 stacking direction. The B 1u and B 2u modes are in-plane vibrations and should be seen for polarization in the Ni͑dmit͒ 2 molecular plane. Interestingly, the Raman A g modes are present in the infrared spectrum on account of the strong coupling of these vibrations to the conduction electrons. However, no detailed assignments have yet been made and no one, to our knowledge, has attempted a theoretical normal-mode calculation for the Ni͑dmit͒ 2 neutral molecule and Ni͑dmit͒ 2 anion. As a basis for discussion, we list in Table IV assignments for the vibrational frequencies in the Ni͑dmit͒ 2 system. 12, 17, 20, 24 The assignment of modes in the case of ͑Ph 4 P͓͒Ni͑dmit͒ 2 ͔ 3 , ͑Bu 4 N͒ 2 ͓Ni͑dmit͒ 2 ͔ 7 •2CH 3 CN, and ͑Me 3 S͓͒Ni͑dmit͒ 2 ͔ 2 is further complicated by the fact that two different Ni͑dmit͒ 2 oxidation states contribute to the spectra. Figure 9 shows expanded portions of the conductivity spectra in the region where the vibrational features are predominantly found. Table V lists all the features that appear in Fig. 9 . As noted in Sec. III B 2 the most important features governing the vibrational spectrum are the location of the main conductivity band ͑i.e., the existence of an optical gap͒ and the presence of vibrational structures whose intensities are determined by interactions with the electronic conductivity. In particular, as the principal maximum of the conductivity overlaps with the vibrational frequencies, these EMV effects become increasingly pronounced. In the case of our bration coupling, the normally infrared-inactive totally symmetric A g intramolecular vibrational modes become infrared active for electric fields polarized in the direction of the Ni͑dmit͒ 2 stacking axis.
Electron-molecular vibration coupling
The highest-frequency EMV vibrational feature is in the 1300-cm Ϫ1 range. We have assigned this feature to the CvC stretching A g mode. It clearly has the effect of producing a broad minimum in 1 ͑͒ for ͑Ph 4 P͓͒Ni͑dmit͒ 2 ͔ 3 and a deep and strong minimum for ͑Bu 4 N͒ 2 ͓Ni͑dmit͒ 2 ͔ 7 •2CH 3 CN. For the spectrum of ͑Me 3 S͓͒Ni͑dmit͒ 2 ͔ 2 there appears to be a typical Lorentzian-shaped peak. However, the intensity of this peak is far too strong to be an ordinary vibrational peak, and in fact the polarization is also wrong, so we attribute it also to an EMV feature. The line shape is as it is because the main electronic band is at higher frequencies in this compound.
The band near 1070 cm Ϫ1 is due to EMV coupling of the A g mode involving CvS stretching. The modes near 940 cm Ϫ1 are believed to be C-S stretching A g bands. The remaining features form a group from 100 to 550 cm Apart from the strong features mentioned above, we observe an interesting antiresonance at 514 cm Ϫ1 for polarization perpendicular to the stacking axis in ͑Ph 4 P͓͒Ni͑dmit͒ 2 ͔ 3 . We believe that this unusual feature is due to ring deformation of the tetraphenylphosphonium cation. Ordinary 
Dimer model
We analyze our results for Ni͑dmit͒ 2 materials in terms of a model by Rice, Yartsev, and Jacobsen 19 based on isolated dimers. We have fitted this model to the conductivity spectrum of the most insulating of our salts, ͑Me 3 S͓͒Ni͑dmit͒ 2 ͔ 2 . In this theory, the frequency-dependent conductivity is
where a is the dimer separation, N is the number of dimers per unit cell, and ⍀ is the volume of the unit cell. The quantity D() is the phonon propagator where ct is the frequency and ␥ e is the linewidth of the electronic charge-transfer excitation. The dimensionless coupling constants are written as
where ͑0͒ is the zero-frequency limit of Eq. ͑7͒. It is the g n that are the fundamental microscopic electron-molecularvibration coupling constants.
A fit of this model to the ͑Me 3 S͓͒Ni͑dmit͒ 2 ͔ 2 data is shown in Fig. 10 . The structural parameters used in the calculation were the separation between the Ni͑dmit͒ 2 molecules aϭ3.49 Å and the unit-cell volume ⍀ϭ1585 Å , and an electronic bandwidth of ␥ e ϭ1400 cm
Ϫ1
. The experimental values for the unperturbed phonon frequencies n , EMV coupling constants g n , and dimensionless electron-phonon coupling constants n are listed in Table VI .
Although the result looks fairly reasonable, it seems that more than one charge-transfer band should be taken into account above 2500 cm Ϫ1 ͑see Lorentz fit in Table III͒ . This suggests that ͑Me 3 S͓͒Ni͑dmit͒ 2 ͔ 2 should not be considered as an isolated dimer in a 4k f configuration with one electron on two sites. Instead, the interdimer interactions are strong and the Ni͑dmit͒ 2 stack is composed of relatively isolated tetramers. The model of electron-molecular vibrational coupling extended by Yartsev 40 to describe isolated tetramers might provide a better agreement with our experimental spectrum.
V. SUMMARY
In summary, we have made extensive measurements of the optical and transport properties of ͑Ph 4 P͓͒Ni͑dmit͒ 2 ͔ 3 , ͑Bu 4 N͒ 2 ͓Ni͑dmit͒ 2 ͔ 7 •2CH 3 CN, and ͑Me 3 S͓͒Ni͑dmit͒ 2 ͔ 2 compounds. The optical properties are dominated by vibrational features at low frequencies and by electronic excitations at higher frequencies. The observed vibrational features include ordinary intramolecular modes and seven ''anomalous'' infrared-active vibrational modes. The latter absorption results from the interaction of these vibrations with the unpaired electron on the Ni͑dmit͒ 2 anion. A series of electronic excitations are observed for the electric field polarized along the Ni͑dmit͒ 2 stacks. The low-lying peaks are attributed to a charge transfer from one Ni͑dmit͒ 2 anion to an adjacent neutral molecule, whereas the excitations higher in frequency are attributed to a charge transfer between two Ni͑dmit͒ 2 anions.
We have examined the vibrational modes in these three materials. From analysis of the A g modes, values for the electron-phonon coupling constants in ͑Me 3 S͓͒Ni͑dmit͒ 2 ͔ 2 were obtained. We have also attempted to clarify some of the confusion that exists in the literature by systematically assigning vibrational modes of Ni͑dmit͒ 2 molecules in the optical spectra.
Noted added in proof. During publication of this work, we learned via personal communication that the same crystal structure for ͑Me 3 S͓͒Ni͑dmit͒ 2 ͔ 2 has been reported by Faulmann et al.
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